The multidecadal modulation of the El Niño-Southern Oscillation (ENSO) due to greenhouse warming has been analyzed herein by means of diagnostics of Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) coupled general circulation models (CGCMs) and the eigenanalysis of a simplified version of an intermediate ENSO model. The response of the global-mean troposphere temperature to increasing greenhouse gases is more likely linear, while the amplitude and period of ENSO fluctuates in a multidecadal time scale. The climate system model outputs suggest that the multidecadal modulation of ENSO is related to the delayed response of the subsurface temperature in the tropical Pacific compared to the response time of the sea surface temperature (SST), which would lead a modulation of the vertical temperature gradient. Furthermore, an eigenanalysis considering only two parameters, the changes in the zonal contrast of the mean background SST and the changes in the vertical contrast between the mean surface and subsurface temperatures in the tropical Pacific, exhibits a good agreement with the CGCM outputs in terms of the multidecadal modulations of the ENSO amplitude and period. In particular, the change in the vertical contrast, that is, change in difference between the subsurface temperature and SST, turns out to be more influential on the ENSO modulation than changes in the mean SST itself.
Introduction
The amount of the greenhouse gases in the atmosphere, especially carbon dioxide (CO 2 ), has been increasing due to anthropogenic factors since the start of the industrial revolution in the eighteenth century. As is well known, greenhouse gases contribute to the increase in the global-mean tropospheric temperature through the absorption of terrestrial radiation from the earth's surface and the emission of longwave radiation back to the surface. In most coupled general circulation models (CGCMs) a dominant warming trend of the global-mean troposphere temperature is observed under the scenario of increasing CO 2 concentration [e.g., the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC) report]. Not only global-mean air temperature, but also robust response patterns to global warming have been identified (Cubasch et al. 2001) . The most dominant response of the earth's climate to increasing greenhouse gases is obviously linear. Because of the complexity of nature, however, it is also expected that the climate variability may not linearly respond to the increasing greenhouse gas concentration.
Despite our current overall advanced understanding of the El Niño-Southern Oscillation (ENSO; e.g., McPhaden et al. 1998; Neelin et al. 1998) , dynamical understanding of ENSO responses to global warming is still in a toddling stage. The early low-resolution coupled models perceived the weakening of ENSO activity under the global warming scenario (Meehl et al. 1993; Knutson et al. 1997) . Timmermann et al. (1999) , on the contrary, showed an increasing trend of ENSO activity during a transient global warming experiment with the CGCM ECHAM4/Ocean Isopycnal Model (OPYC3; Roeckner et al. 1996) . Furthermore, Collins (2000a) found that a subtle change in the physical parameterization schemes caused a significant difference in the statistics of ENSO response to the greenhouse warming. Due to a lack of consistency in model results on ENSO response to the greenhouse warming (e.g., Collins 2000a; Yeh et al. 2006) , the predictability of future ENSO activity is very limited so far. In addition, it is even more difficult to understand the mechanism causing the change of ENSO activity during transient greenhouse warming than the mechanism for the equilibrium state. Understanding and predicting the transient response of ENSO to greenhouse warming is much more important than understanding the equilibrated response of ENSO because the greenhouse gas concentration is not expected to reach equilibrium, but rather to keep changing. For this reason we focus herein on the multidecadal modulation of ENSO caused by transient greenhouse warming, distinguishing this study from previous work which has focused primarily on the equilibrated response of the ENSO in doubled or quadrupled CO 2 runs (e.g., Knutson et al. 1997; Collins 2000a) .
Because of the larger thermal and dynamical inertia of seawater, the oceanic response is slower to increases in radiative forcing than is the atmospheric response. This slow response of the ocean gives rise to a difference between the transient response (where the external forcing changes over time) and the equilibrium response (the external forcing is not changing over time) so that, for example, the monsoon circulation during the preequilibrium period may be stronger than that for the equilibrium state. Such "delayed response" also can be seen in the internal ocean. The sea surface temperature (SST) is largely influenced by the thermodynamical process, while the ocean subsurface temperature is determined by dynamical processes such as thermal advection by the currents. As a result, the SST response to increasing greenhouse gases is assumed to be faster than the subsurface temperature response (see section 4). The mechanism of this delayed response is important so as to understand transient behavior of climate variability that is driven by the greenhouse warming, such as ENSO. In particular, the climate state in the ocean subsurface is known to be an important factor to control ENSO characteristics (e.g., An and Jin 2000; An and Wang 2000; Fedorov and Philander 2000; , and thus it is expected that the delayed response of the subsurface temperature in the tropical eastern Pacific modulates ENSO as the greenhouse warming evolves.
In the following section, we introduce the data utilized, which are the control and scenario runs of the models used in the IPCC AR4 project. In section 3, the multidecadal modulations of ENSO that appeared in the control and greenhouse warming scenario simulations are examined, and their possible connections to the multidecadal changes in the zonal and vertical temperature gradients are investigated. In section 4, we discuss the multidecadal changes in the zonal and vertical temperature gradients that are due to the "delayed response" in the tropical Pacific to the greenhouse warming. In section 5, we focus particularly on the Japan Meteorological Research Institute (MRI) coupled general circulation model output. Section 5 also includes a description of the changes in the ENSO amplitude and period during future greenhouse warming, changes in the ocean surface temperature and subsurface temperature, and the associated changes in the surface wind. In section 6, the eigenmodes are obtained from the eigenanalysis of the two-strip version of the intermediate ENSO model after adopting the surface temperature and subsurface temperature changes due to the greenhouse warming. Since the tracking approaches taken in this paper, for example, eigenanalysis, are looking for changes in the mean climate state as being responsible for changes in variability, a possible alternative, which may not be a primary mechanism, the rectification effect by changes in variability onto the mean climate state (Jin et al. 2003a ) is overlooked in this study. This will be a good subject for the future. Finally, the summary and discussion are presented in section 7.
Data
The general information of each model is summarized in Table 1 . Although 24 CGCMs were included in the IPCC AR4 project, only the 13 models, which had been integrated more than 150 years, are analyzed in this study so as to investigate the delayed response of sea temperature after the CO 2 concentration matures. Note that analyzed CGCMs use various mixing schemes and sunlight penetration methods; it is robust that common features of delayed mechanisms among models are not dependent on any specific parameterization.
Preindustrial (control), CO 2 doubling (2CO 2 ), and CO 2 quadrupling (4CO 2 ) experiments are analyzed in this study. The control run simulates an unperturbed climate state with anthropogenic forcing at the preindustrial level. The CO 2 doubling and quadrupling experiments simulate transient climate response to a 1% yr Ϫ1 increase of CO 2 concentration. The CO 2 concentration, which starts at 348 ppmv, increases by 1% yr Ϫ1 , doubling (to 696 ppmv) in the 70th year, at which point the CO 2 concentration is held constant in the 2CO 2 experiment. By contrast, in the 4CO 2 experiment, the CO 2 concentration starts at the same initial value (348 ppmv) and increases by 1% yr Ϫ1 until it quadruples (reaching 1392 ppmv) in the 140th year, at which point it is fixed at the quadrupled value. The models is integrated over 220 and 290 years in the 2CO 2 and 4CO 2 experiments, respectively. In section 5, we focus on a particular long-term simulation of MRI2 among the 24 models to address how the multidecadal modulation of ENSO is related to the change of the basic state under the global warming scenario. MRI2 is the second version of the MRI coupled general circulation model, version 2.3.2 (MRI CGCM2.3.2) with the flux correction developed at the MRI. The atmospheric component has horizontal T42 resolution and 30 layers in the vertical with the top at 0.4 hPa. The oceanic component is a Bryan-Cox-type global ocean general circulation model (OGCM ; Cox 1984; Cox and Bryan 1984) . The horizontal resolution is 2.0°in latitude and 2.5°in longitude for off-equatorial regions (poleward of 12°S and 12°N) and 0.5°near the equator. The 23 vertical levels are unevenly spaced between the surface and 5000-m depth, using a zcoordinate system. A rigid lid approximation is applied for the surface condition, while a sea ice model treats advection by ocean surface currents and diffusion of thickness and compactness of sea ice. Also, thermodynamical processes of snow on top of sea ice are treated.
Multidecadal modulation of ENSO due to global warming
To investigate the multidecadal modulation of ENSO during global warming, we calculate the "variance" of multidecadal modulated ENSO for the control experiment and for the scenario experiment from IPCC AR4. To calculate the variance, the 15-yr moving variance of the 2-8-yr bandpass-filtered data was taken, and then their variance is calculated. This variance indicates the strength of the multidecadal modulation of ENSO. The ratio between the variance in the control run and that in the scenario run is presented in Table 2 . Although some diversity is evident in Table 2 , similarities among the models are also found, which allows the models to be grouped. The first group (hereafter "group A") refers to models with a too-small multidecadal modulation of ENSO compared to the observed. Canadian Centre for Climate Modelling and Analysis (CCCma) CGCM, version 3.1 (CGCM3.1), Goddard Institute for Space Studies Model E-H (GISS-EH), GISS-ER, and Model for Interdisciplinary Research on Climate 3.2, mediumresolution version [MIROC3.2(medres)] belong to group A. The second group (hereafter "group B") refers to models for which variance of the multidecadal (Fedorov and Philander 2000; Kang et al. 2001; Toniazzo 2006) . These factors affect two important feedbacks, thermocline feedback (i.e., the vertical temperature advection associated with the thermocline change) and zonal advective feedback (i.e., zonal advection in the ocean mixed layer), which contribute to the growth and phase transition of ENSO Jin and An 1999; . Since these two feedbacks control the leading coupled modes , the change in the background climate state obviously leads the changes in ENSO characteristics.
The control parameters associated with the thermocline and advective feedbacks are related to the vertical and zonal temperature gradient, respectively (see appendixes A and B). Figure 1a shows the multidecadal changes in the vertical temperature gradient over the Niño-3.4 region (5°S-5°N, 170°-120°W). The vertical temperature gradient is defined as the difference between the surface and subsurface temperature (average from the surface to 100-m depth): a 15-yr moving average has been taken. The initial general trend of the vertical temperature gradient is strongly increasing until the 60-100-yr mark and then decreases with the multidecadal variation. The strong increasing trend of the vertical temperature gradient in the tropical eastern Pacific presumably is due to a combination of fast adjustment of the surface temperature and relatively slow adjustment of subsurface temperature to global warming. After greenhouse gas concentrations stabilize at 70 yr the surface temperature quickly stabilizes, but the subsurface temperature increases further, resulting in a decrease of the vertical temperature gradient. After the subsurface temperature stabilizes, the vertical temperature gradient also stabilizes (the details on the mechanism will be discussed in section 4). Figure 1b shows the multidecadal variation of the zonal temperature gradient over the tropical Pacific. The zonal temperature gradient is defined as the difference between the surface temperature in the tropical western Pacific (WP) and that in the eastern Pacific (EP) [i.e., western Pacific SST (120°E-180°) minus eastern Pacific SST (150°-90°W)], and a 15-yr moving average also has been taken. Overall, a decreasing tendency is dominant as the greenhouse gases increase since the cold tongue temperature response to global warming is relatively longer than that of the warm pool temperature, indicating that the so-called El Niño-like warming is dominant (Meehl and Washington 1996; Knutson and Manabe 1998) . Table 3 represents the correlation between the 15-yr moving variance of 2-8-yr filtered Niño-3.4 index and the 15-yr moving average of zonal SST gradient (and vertical temperature gradient) obtained from the scenario run. The vertical temperature and zonal SST gradients are defined in Fig. 1 . Here we focus primarily on the results for model group C. As shown in the table, all six models in group C exhibit a negative correlation between the 15-yr moving variance of ENSO index and zonal gradient of mean SST. The negative correlation indicates that the decades for the reduced zonal SST gradient are associated with those for the enhanced amplitude of ENSO events. If the zonal advection feedback is a main driver of ENSO in the models, the decrease (increase) of the zonal SST gradient should cause a weakening (enhancing) of ENSO; thus, a positive correlation between the 15-yr moving variance of ENSO and zonal gradient of mean SST is expected. Therefore, the existence of a negative correlation im- plies that changes in the zonal SST gradient due to global warming do not modify the characteristics of ENSO; therefore, there must be other mechanism(s) to modify ENSO characteristics.
As shown in Table 3 , all models in group C exhibit a positive correlation between the 15-yr moving variance of ENSO and the vertical temperature gradient (although GFDL CM2.0 is not counted because the correlation is too small).
1 The positive correlation means that those decades exhibiting a strong vertical temperature gradient in the equatorial eastern pacific, and thus a strong thermocline feedback, correspond to those decades showing a large variability in ENSO.
In summary, almost all models that predict future greenhouse warming acts to enhance the multidecadal modulations of ENSO also demonstrate that the multidecadal modulation of ENSO is related to the multidecadal changes in the vertical temperature gradient (or similarly subsurface temperature) in the equatorial eastern Pacific through modifying the thermocline feedback. In the following section, we will discuss that the multidecadal changes in subsurface temperature is mainly due to the delayed response in the tropical Pacific.
Delayed response in the tropical Pacific
As mentioned in the introduction, SST response to greenhouse warming is assumed to be faster than the response of subsurface temperature, which may cause strong multidecadal changes in the vertical temperature gradient. In this section, we investigate this delayed response.
According to "ocean dynamical thermostats," the local surface heat flux equilibrium in the western Pacific occurs at the point where the imposed downward heat flux is compensated by the upward heat flux so that the SST over this region almost reaches the so-called radiative-convective equilibrium temperature, while in the central and eastern Pacific, not only the upward heat flux but also the dynamical advection by the mean upwelling produce a dominant cooling effect on the local surface heat balance (Sun and Liu 1996; Jin 1998) . Because of this advective cooling, the SST over the eastern Pacific is cooler than that in the western Pacific. The temperature in the ocean subsurface, where radiative forcing is attenuated, is determined only by the dynamical advection process. Since dynamical adjustment of the ocean is generally slower than thermodynamical adjustment in the ocean surface layer, the subsurface response to global warming is assumed to be slower than the surface response to the same radiative forcing. Figure 2 shows the time series of the ensemble-1 Guilyardi (2006) assessed the ENSOs that appeared in IPCC AR4 simulations in terms of SST mode (S mode) and thermocline mode (T mode). According to his analysis, most of the group C models in our study are associated with T mode. The T-mode-type ENSO is obviously sensitive to changes in the vertical temperature gradient. Thus, the multidecadal changes in the vertical temperature gradient easily modify the characteristics of T-mode-type ENSO. GFDL CM2.1, MPI ECHAM5, and MRI CGCM2.3.2a belong to T mode with great strength, while GFDL CM2.0 belongs to T mode with weak strength. Therefore, the small correlation in GFDL CM2.0 (Table 3) may be due to this weak strength to be T mode. averaged SST over the tropical western Pacific (5°S-5°N, 120°-150°E) and subsurface temperature over the tropical eastern Pacific (5°S-5°N, 150°-90°W, 100-m depth). The ensemble average is taken from 13 different CGCM simulations for greenhouse warming (each model is introduced in section 2). A dominant increasing trend in both SST and subsurface temperature is found, apparently due to the increase of greenhouse gases. However, the detailed behavior of two time series is different in that the SST has a shorter adjustment time lag than does the subsurface temperature. Figure 3 shows the eastern equatorial Pacific Ocean temperature change down to the 300-m depth with respect to the value at the first model year. As in the ensemble-mean picture, the maximum increase of temperature due to greenhouse warming is observed in the surface, while the minimum occurs between 100 and 150 m. This vertically uneven heating obviously increases the vertical stratification of the ocean, from which we might infer stronger vertical advection by upwelling and strong ENSO activity . Most of the models agree well with this ensemble-mean feature, except the GISS-ER. Actually, the minimum increment in the subsurface is more pronounced in the western Pacific, and some models even show a decreasing tendency at this level in the equatorial western Pacific (not shown here). This may be related to the fact that the dominant response of the tropical Pacific resembles an El Niño-like pattern (Meehl and Washington 1996; Knutson and Manabe 1998) . The El Niño-like pattern induces weakening of the trade wind, which decreases the zonal contrast of the thermocline in the equatorial Pacific. In other words, shoaling of the thermocline in the western Pacific may be associated with the decrease of temperature. This speculation needs to be verified further in the future.
Here we also calculate the saturation time of the temperature in the tropical eastern Pacific Ocean from the surface to 300-m depth. The saturation time is defined as the year when the temperature reaches 90% of the averaged temperature for the last 30 years of the model output and is indicated as a dot at each level in Fig. 3 . For this calculation, a 15-yr moving average has been taken in advance. In the ensemble mean, the surface temperature becomes saturated at ϳ95 yr, while saturation between 150 and 300 m occurs much later, at ϳ120 yr. The GISS-ER output shows an almost uniformly increasing saturation time versus depth, while the GISS-EH output shows an overly fast saturation in the subsurface level (which may be related to the strongly decreasing tendency at that level). Other models commonly agree to the feature as described for the ensemble mean. In the following sections, a quantitative investigation of the effect of the delayed response will be performed.
Results from MRI2
As noted in section 3, almost all models in group C exhibit a significant relationship between decadal changes in the vertical temperature gradient in the equatorial eastern Pacific and the decadal modulation of ENSO amplitude. Thus, the models in group C are applicable to assess the effect of the delay response. found that the control simulation of the MRI model gives results consistent with observations of many aspects of El Niño, in particular the nonlinearity of ENSO. Furthermore, the MRI CGCM2.3.2a (hereafter MRI2) simulation shows the strong multidecadal changes in the vertical temperature gradient (Fig. 1a) and the strong multidecadal modulation in ENSO characteristics (Fig. 4) : these two variations are significantly correlated (see Table 3 ). Therefore, it may be adequate to focus only on MRI2 so as to assess the likelihood that ENSO is modulated by increased greenhouse concentration and, if so, what mechanisms might be employed for this modulation. However, we have to admit that MRI2 2 may produce only one possible type of ENSO due to limitations of the numerical modeling or model physics. Moreover, not all models (such as groups A and B) show a stronger decadal modulation of ENSO as a result of global warming: thus, we admit that actual greenhouse warming might not induce the strong multidecadal modulation of the ENSO. However, if there is a modulation, it may be linked to the delayed response of the subsurface ocean temperature, in turn leading to a modulation of the thermocline feedback. In this section, we will analyze both the control and scenario runs of MRI2, and in the following section the eigenanalysis of a simple ENSO model will be performed to check 2 MRI2 is flux corrected, which may impact the model results. There is no direct comparison in the MRI2 runs with and without the flux correction. However, Collins's (2000b) work is citable. Collins analyzed the Second and Third Hadley Centre Coupled Ocean-Atmosphere GCMs (HadCM2 and HadCM3) to assess the response of ENSO to greenhouse warming. He found that markedly different response of ENSO to increases in greenhouse gases in two models is caused by the differences in the mean pattern of climate change, and these differences in the mean pattern are brought about by subtle changes in the physical parameterization schemes, rather than the main differences between HadCM2 and HadCM3, such as the removal of flux corrections. Thus, his study infers that the flux correction may not be a big concern, at least in the study on the response of ENSO to greenhouse warming. how the background change exhibited in the MRI2 simulation modifies the ENSO characteristics.
a. Period and amplitude modulation of ENSO
To measure the changes of ENSO, first we apply the wavelet analysis onto the Niño-3.4 index (SST anomalies averaged over the domain of 5°S-5°N, 170°-120°W) obtained from the control, 2CO 2 , and 4CO 2 runs, together with the time series of their 15-yr running mean variability. Since the Niño-3.4 area is recorded as having the maximum SST variability in both control and scenario runs, we choose the Niño-3.4 index to represent the ENSO behavior. As shown in Fig. 4 , the interannual variability in the control run is dominant around the 2-3-yr period throughout. No significant multidec- adal modulation of the interannual variability is observed. On the other hand, in the 2CO 2 run, the interannual variability is dominated by the 3-5-yr period for model years 50-110. These longer period events have larger amplitude. After year 110, the amplitude (period) of ENSO becomes smaller (shorter), similar to that of the control run. In the 4CO 2 run, the longer period ENSO also appears between years 150 and 240 and, thus, the overall amplitude of ENSO variability is increased with multidecadal variation. In summary, global warming provides favorable conditions for the longer period and large amplitude of ENSO in the present model simulations. However, the ENSO events as the greenhouse gases increase also are modulated with a multidecadal time scale. In the following, we will address why the period of El Niño becomes longer and the amplitude becomes larger, as well as the cause of the decadal-to-multidecadal modulation of the ENSO characteristics. Figure 5 shows the time series of the ocean temperatures over the warm pool, cold tongue, and the subsurface over the eastern Pacific that appeared in MRI2. A 15-yr moving average has been applied to each time series to suppress variability with less than a 15-yr period. The SST increases almost linearly, simply following the increasing greenhouse gases concentration. Once the greenhouse gases concentration stops increasing (in year 70 for the 2CO 2 run and in year 140 for the 4CO 2 run), the surface temperature also stops increasing. On the other hand, the subsurface temperature (the ocean temperature averaged from 0-to 100-m depth) in the eastern Pacific shows a clear overall increasing trend up to year 110 (year 270) for the 2CO 2 (4CO 2 ) experiments, but with somewhat periodic oscillations superimposed on the overall temperature trend. For example, the period 15-45 yr shows a temperature reduction and recovery, followed by continued increases, for both experiments. For the 2CO 2 experiment, the subsurface temperature in the eastern Pacific begins equilibrating about 50 yr after the surface temperature stops increasing, whereas for the 4CO 2 case a longer model run is needed to determine the time lag before subsurface equilibrium. The dynamics associated with these oscillations and lags may be due to dynamical thermal advection, which proceeds slowly because of the slow ocean dynamical adjustment, but clear answers remain for future work.
b. Changes in tropical surface and subsurface ocean temperature
For the 2CO 2 run, Fig. 5 also reveals (and for the 4CO 2 run, strongly suggests) that after greenhouse gases stop increasing (i), although both western Pacific (WP) and eastern Pacific (EP) temperatures have increased, the temperature differential (i.e., WP minus EP) has not changed much and (ii) the eastern Pacific subsurface (Sub_EP) temperature has increased and the magnitude of the difference (i.e., EP minus Sub_EP) also has increased. The increase in the EP surface Ϫ subsurface temperature differential, compared with the relatively constant WP Ϫ EP differential, implies that vertical advection becomes relatively stronger than zonal advection as a result of greenhouse warming.
c. Change in the surface wind pattern
Theoretical works show that the period and amplitude of ENSO are related to the distributions of anomalous surface zonal and meridional winds associated with ENSO. The longer period of ENSO can be attributed to the wider meridional extension of the surface wind pattern. This is because the meridionally broad wind stress forcing can excite higher-latitude ocean Rossby waves, which have a slower phase speed than lower-latitude Rossby waves, so that the slow ocean dynamic adjustment due to the slowly propagating Rossby waves causes the longer time-scale ENSO (Kirtman 1997) . The longitudinal position of the surface wind stress patch over the equatorial region also modifies both the period and amplitude of ENSO. This also is related to the modification of the ocean adjustment time scale, or similarly the modification of a delayed damped time scale referred to as the "delayed action oscillator" paradigm (Battisti and Hirst 1989) . When the maximum surface wind patch associated with ENSO is located relatively farther east, the associated Rossby wave travels a longer pathway (which also can be considered as the delayed time in the delayed oscillator paradigm), from the origin to the western boundary as a Rossby wave and from the western boundary to the eastern Pacific as a reflected Kelvin wave (An and Wang 2000) .
Here, we calculate the 15-yr moving variance of the surface wind anomaly over the equatorial Pacific (Fig.  6 ). In the control run, around year 60, the maximum wind patch is located near the date line and the associated dominant period is about 2 yr (see Fig. 4a ). Around year 210, on the other hand, the maximum wind patch is located at 170°W and the dominant period is about 5 yr. Similar results are found in the doubling and quadrupling CO 2 runs. In the doubling CO 2 run, the longer period ENSO is observed between year 50 and 90, and the corresponding maximum variability of zonal wind is located farther east than normal. The shorter period ENSO events between year 120 and year 150 also correspond to the westward shift of the maximum variability of the surface zonal wind. In the quadrupling CO 2 run, the high correlation between the dominant period and the longitudinal location of the maximum variability of the zonal surface wind anomaly is also noticed.
As shown here, the variance of the surface wind anomaly increased as CO 2 increased, and the zonal location of the dominant variability of the surface zonal wind anomaly has shifted to the east. The eastward shift of the wind patch is dominant for years 50-110 in the 2CO 2 run and for years 150-240 in the 4CO 2 run. During these two multidecadal periods, the ENSO period is longer and its amplitude is larger. Since the warming pattern of the tropical Pacific resembles the El Niño-like pattern (not shown here), the convective center in the tropical Pacific in the scenario run perhaps shifts to the east compared to that in the control run and so does the wind patch.
Eigenanalysis
To measure the impact on ENSO of the change in the zonal and vertical temperature differences and the longitudinal shift of the equatorial surface zonal wind due to the greenhouse warming, the eigenanalysis of a twostrip version of the intermediate ENSO model is performed. The model equations are described in appendix A and also in . 
a. Experiment setup
As previously mentioned, the effects due to three factors, that is, the changes in the zonal and vertical temperature differences and the longitudinal location of the equatorial surface zonal wind patch, are examined comprehensively as well as separately. The temporal variations of the zonal and vertical temperature differences associated with the greenhouse warming are incorporated into the SST equation as follows:
The first term on the right-hand side represents the comprehensive damping effect, including surface cooling, diffusion, vertical advection by the mean upwelling, and so on. The second and third terms represent the vertical temperature advection associated with the thermocline change (hereafter the thermocline feedback) and the mean temperature advection by the anomalous zonal current in the ocean mixed layer (hereafter the zonal advective feedback), respectively. Details on the role of each term can be found in , Jin and An (1999) , and . Here, the control parameters and are defined
where ⌬ z T(t n ) and ⌬ x T(t n ) indicate the vertical and zonal temperature differences, respectively, at a year t n , of which values are shown in Fig. 7 . The dynamical justification for use of Eq. (2) is represented in appendix B.
To incorporate the zonal shift of anomalous zonal wind into the model, we calculate the location in longitude (hereafter zonal position) where the 15-yr moving variance of surface wind is the most. The zonal position of the wind patch [here, x 0 (t n )] is adopted into the atmospheric model formulation as shown below:
This is the modified version of Eq. (A6) in appendix A. For the eigenanalysis, we calculate the control parameters (, , and x 0 ) at each year, and then perform the eigenanalysis of the two-strip version of the intermediate ENSO model for a given set of control parameters of , , and x 0 for each year.
b. Influence by the zonal and vertical temperature gradients
As observed in Fig. 7 , for the 2CO 2 run, the zonal temperature difference is smaller than 1 for years 15-110 and 150-210 and larger than 1 for years 110-150. The evolution of the vertical temperature difference shows similar features to that of the zonal temperature, but in the opposite direction. The period for the larger zonal temperature difference is matched to that for the smaller vertical temperature difference, and vice versa. The period for years 50-110 and 160-190 , when the large vertical temperature difference and small zonal temperature difference are observed, is coincident with the period for the low-frequency ENSO, while the period of years 110-160, having small vertical temperature and large zonal temperature difference, is coincident with the period of the high-frequency ENSO (see also Fig. 4) .
Again the thermocline and zonal advective feedbacks depend on the vertical and zonal temperature gradients, respectively. The thermocline feedback destabilizes the mixed SST-ocean adjustment mode (Neelin and Jin 1993; , and thus the frequency of ENSO originated from this adjustment mode is relatively low and its amplitude is relatively large. On the other hand, the zonal advective feedback destabilizes the ocean basin mode (Jin et al. 2003b; Kang et al. 2004) ; thus, the corresponding ENSO frequency tends to be high and its amplitude small . In this regard, for small and large , a strong, lowfrequency ENSO is expected. Under the condition of large and small (for the same reason) a weak, highfrequency ENSO is expected. The former is observed during years 50-110 and 160-190 , and the latter is observed during years 110-160. The relationship between the ENSO frequency (as well as amplitude) and (or ) is also found in the quadrupling CO 2 run. In the following, the eigenanalysis will verify this relationship in a quantitative manner.
As shown in Fig. 8 (the eigensolutions are obtained from the same model as before), it is found that the general behavior of the leading modes, when all three factors are considered, agrees with that obtained when only zonal and vertical temperature differences ( and ) are considered, indicating that the longitudinal shift of the surface zonal wind does not modify the eigensolution significantly, at least in this selected parameter space. Thus, our main focus will be on the influence of zonal and vertical temperature differences ( and ), and the effect of the change in the longitudinal position of the zonal wind path will be discussed later.
For the 2CO 2 run, in Fig. 8a , the decades showing the negative growth rate (i.e., damped regime) correspond to the low ENSO variability decades (i.e., years 0-40 and 100-150), while the decades with positive growth rate correspond to the high ENSO variability decades. Note that the growth rate does not correspond exactly to the variability because the growth rate is obtained from a linearized dynamic system, while the latter is a product of the various dynamical processes including nonlinear and stochastic processes. Nevertheless, the variability of the dynamic system closely relates to its linear stability. Not only the growth rate, but also the frequency of the leading eigenmode, agrees with the dominant frequency appearing in the MRI2 simulation shown in Fig. 4 . About a 2-yr period becomes longer by the increase of CO 2 . (Again we consider only the zonal contrast of SST in the tropical Pacific and vertical temperature difference over the equatorial central/eastern Pacific.) The period of the leading eigenmode during the approximate 50-100-yr time frame is about 5 yr, which is slightly longer than the ENSO period generated by MRI2. Overall, however, the eigenanalysis is quite consistent to the MRI2 simulation.
For the quadrupling CO 2 run (Fig. 8b) , the oscillatory stable mode becomes a nonoscillatory unstable mode after 75 yr. Although the leading eigenmode is in the nonoscillatory regime, the growth rate of the leading eigenmode is still comparable to the ENSO amplitude in MRI2 output. For example, the abrupt increase of the growth rate around year 120 is associated with the increase of the ENSO variability in the MRI2 simulation, and the decreasing trend after year 240 is also consistent with MRI2 output. The nonoscillatory mode is barely projected to the interannual variability. How- FIG. 8 . Frequency (bold curves) and growth rate (light curves) of the leading eigenmode obtained from the two-strip ENSO model for (top) the 2CO 2 and (bottom) the 4CO 2 simulations. Green and red curves indicate the control experiment and the ocean components-only ( and ) experiment, respectively. ever, by involving nonlinear dynamics to prevent a perturbation from having unlimited growth and using stochastic random forcing for excitation, the nonoscillatory mode can be projected as an interannual variation. Other factors that were not considered in this eigenanalysis, such as the atmospheric climatological background state or mean currents, also may play an important role in determining the oscillating ENSO characteristics. This is because those components may push the leading eigenmode into an oscillatory regime. We leave this to future work.
To explore which factors have the greatest influence on ENSO characteristics, an eigenanalysis is performed for one parameter only. In the first experiment, the zonal advective feedback is completely suppressed and the thermocline feedback is retained [ ϭ (t n ) and ϭ 0: no zonal advection (NZA)]. The second experiment is the same as the first, but the zonal advective feedback is given as a constant [ ϭ (t n ), ϭ 1: constant zonal advection (CZA)]. As a counterpart of the first and second experiments, the "no thermocline feedback (NTF)" [ ϭ 0, ϭ (t n )] and "constant thermocline feedback (CTF)" [ ϭ1, ϭ (t n )] experiments also are performed. The results are shown in Fig. 9 .
With the constant zonal advective feedback, both frequency and growth rate are similar to those in the control experiment. In the NZA experiment, the curve of the growth rate closely follows that of the control experiment, but its amplitude becomes systematically smaller and cannot be above the neutral line. The frequency in this experiment shows slightly different features from the control experiment. Thus, the zonal advective feedback itself contributes to boost the growth rate, inferring an enhanced ENSO variability.
When the thermocline feedback is completely suppressed (NTF), the frequency (ϳ1.13 yr
Ϫ1
) and growth rate (ϳϪ0.20 yr Ϫ1 ) do not change during the entire period. Even in the case for CTF, neither the frequency (ϳ0.46 yr Ϫ1 ) nor the growth rate (ϳϪ0.16 yr Ϫ1 ) change. The difference between these two experiments is the different constant values of the frequency and growth rate. For the CTF, the leading eigenmode has an interannual mode, while for the NTF the period of the leading eigenmode is shorter than a year. These series of experiments suggest that the ENSO is modulated more effectively by thermocline feedback than by zonal advective feedback. However, without the zonal advective feedback, the thermocline feedback cannot FIG. 9 . As in Fig. 8 , except for the ocean component-only experiment (black curve), NZA feedback (red curve), CZA feedback (green curve), CTF (light blue curve), and NTF (blue curve) for (top) growth rate and (bottom) frequency.
fully operate as an ENSO modulator. Thus, the change in the thermocline feedback associated with the greenhouse warming is a primary factor in modulating the ENSO characteristics and that of the zonal advective feedback is the secondary/necessary factor for full modulation.
c. Mean SST effect: Longitudinal migration of equatorial zonal wind pattern
The surface warming over the tropical Pacific due to the increase of greenhouse gases obviously results in an intensification of atmospheric convection due to the enhanced convective instability associated with higher SST in the tropical region where the saturation water vapor largely responds to even small changes in SST. In many models, the warming in the cold tongue due to the increase of greenhouse gases is larger than that in the warm pool (Meehl and Washington 1996; Knutson and Manabe 1998; Merryfield 2006) . Thus, as for El Niño, as strong atmospheric convection moves slightly eastward, so does the surface wind patch. Once the action center, that is, the locus of maximum variability of the surface wind anomalies, moves to the east, the period (amplitude) of the associated ENSO is expected to be longer (larger) (An and Wang 2000) . Here the influence due to the increase of the mean SST is analyzed using the two-strip version of the intermediate ENSO model, as in the previous section. Figure 10 shows the frequency and growth rate of the leading eigenmode. For the doubling CO 2 experiment, the overall increase of the growth rate and the overall decrease of the frequency between years 50-110 agree well with the MRI2 simulation. In addition, the overall decrease of the growth rate and the overall increase of the frequency between years 110-130 also agree with the MRI2 simulation. For the quadrupling CO 2 experiment, the increasing trend of the growth rate is associated with the increasing trend of the ENSO variability in the MRI2 simulation. To some extent, this simple model experiment verifies a dynamical consistency between the zonal locations of the surface wind patch and the characteristics of ENSO. However, its effect is not as much as that induced by the change in the vertical temperature gradient.
Summary and discussion
The sensitivity of ENSO to future greenhouse warming predicted by the various IPCC AR4 climate model simulations is highly model dependent (e.g., van Oldenborgh et al. 2005; Merryfield 2006 ). Thus, it may be premature to conclude how ENSO may vary during global warming. Nevertheless, it should be valuable to explore a fundamental mechanism for changes in ENSO variability modulated by greenhouse warming. In this paper, we found that the response time of the FIG. 10 . As in Fig. 9 , except for the effect due only to the longitudinal shift of the surface wind patch (also ϭ 0.7 is used) in the (left) 2CO 2 and (right) 4CO 2 simulations. For comparison, the eigenvalue for the control experiment is represented as the green curve.
subsurface temperature in the tropical Pacific Ocean to an increase of greenhouse gases is delayed compared with that of the sea surface temperature. This delay is a significant factor in the generation of strong multidecadal changes in the vertical contrast of the ocean above the thermocline and also in the zonal contrast of sea surface temperature over the equatorial Pacific. In turn, these multidecadal changes in the background climate states modify the ENSO characteristics.
Strong multidecadal modulations of ENSO by greenhouse warming are observed in 5 of 13 models (referred to as group C). Other models, on the other hand, show either a too-small decadal modulation of ENSO (group A) compared to the observed, or an insignificant change in the decadal variation of ENSO by greenhouse warming (group B). The four models belonging to group C exhibit a positive correlation between the multidecadal modulation of ENSO and the multidecadal change in the vertical temperature gradient in the equatorial eastern Pacific, inferring that an intensified multidecadal modulation of ENSO is attributed to the delayed response of the subsurface temperature in the equatorial eastern Pacific.
In most of the scenario runs, the tropical ocean surface temperature responds to greenhouse warming linearly and simultaneously. This may be because increased longwave radiation could influence the ocean surface temperature directly. In the MRI2 simulation, for example, warming in the cold tongue is relatively larger than that in the warm pool (i.e., El Niño-like response), implying a weakening of the zonal contrast of the ocean temperature between the warm pool and cold tongue (⌬x). [Change of ⌬x is also known to be model dependent (Liu et al. 2005 ).] The small ⌬x is associated with weakening of the trade wind, as well as weakening of the tropical oceanic overturning circulation and equatorial upwelling. In summary, surface warming in the tropical Pacific due to greenhouse warming results in a smaller ⌬x and larger vertical contrast of the ocean temperature between surface and subsurface over the eastern pacific (⌬z). According to , these changes could lead the changes in both ENSO period and amplitude because the destabilization process by increasing ⌬z leads to to a large growth rate and low-frequency leading eigenmode. On the other hand, radiative forcing hardly reaches the ocean subsurface level; thus, the increase of greenhouse gases only indirectly influences the subsurface temperature through the dynamical advective processes. While the subsurface temperature in the equatorial eastern Pacific may be determined by meridional thermal advection by the subtropical-tropical oceanic overturning cell, zonal thermal advection in the tropical Pacific, thermal diffusion, and so on, the detailed mechanism regarding the subsurface temperature is beyond the scope of this paper (e.g., Lohmann and Latif 2005) . The point made by this study is that, because the subsurface temperature is determined by the ocean dynamical process, a significant delayed response of the subsurface temperature to the increasing greenhouse gases should be expected. As shown in this study, the response of the subsurface temperature (oscillation increase) to the greenhouse warming shows a different behavior compared with the surface temperature (linear increase). Since the ENSO characteristic highly depends on ⌬z (i.e., subsurface temperature), the oscillation increase of the subsurface temperature modulates the ENSO. In this regard, to understand the modulation of ENSO due to greenhouse warming, we should take into account not only the sea surface temperature but also the subsurface temperature.
To assess the mechanism of how increasing greenhouse gases influence the properties of ENSO, we performed eigenanalysis of a simple ENSO model for which parameters are determined from a CGCM output. In this case, the sensitivity may rely more on the physics of the selected simple model than on the original CGCM. The ENSO characteristics in the simple model depend on the parameters representing the zonal advective feedback, thermocline feedback, and the zonal movement of the wind patch. The stochastic forcing known to intensify ENSO (Eisenman et al. 2005) , radiative processes, including the cloudradiative interaction possibly influencing the air-sea coupling, and the surface-layer feedback process, possibly driving so-called SST mode (Jin and Neelin 1993) , are not fully considered in our examinations. In this regard, we have to admit that some models may not fit into our simple ENSO model physics. For example, Guilyardi (2006) mentioned that most CGCMs belong to an SST-mode type, while a few models exhibit a mixed mode between SST and ocean adjustment modes [Jin and Neelin (1993) or thermocline mode in Guilyardi]. Nevertheless, the essence of ENSO dynamics is represented in our simple ENSO model (e.g., Meinen and McPhaden 2001; McPhaden 2003) . In particular, the ENSO events during the recent decades are well fitted into the mixed mode (An and Jin 2000) , and the evidence to demonstrate a close relationship between the multidecadal modulation of ENSO and the multidecadal change in the thermocline feedback is presented in this study. The shallow-water model for ocean dynamics under the longwave approximation on the equatorial ␤ plane is reduced to a single equation for the thermocline depth anomaly h (Jin 1997) :
Equation ( ternal gravity speed and gЈ is the reduced gravity parameter. The damping rate m is taken as (2.5 yr) Ϫ1 . No normal motion at the eastern boundary and zero integrated mass flux at the western boundary are assumed as the boundary conditions (e.g., Cane and Sarachik 1981; Jin 1997) .
For simplification, a two-strip approximation with hemispheric symmetry (an equatorial strip and an offequatorial strip) is taken into consideration. The equations for h e in the equatorial strip ( y ϭ 0) and h n in the off-equatorial strip centered at y n (ϳ7 latitudinal degree) can be approximately written as
where xe is the wind stress anomaly evaluated in the equatorial strip. The boundary conditions for the two-strip model are written as h n ͑x E , t͒ ϭ r E h e ͑x E , t͒, h e ͑x W , t͒ ϭ r W h n ͑x W , t͒, ͑A4͒
where r W and r E are reflection parameters depending on the boundary conditions. The change of SST is described by the thermodynamics of a constant depth mixed layer embedded in the upper-layer ocean. Adopting the equatorial-strip approximation to the SST equation and considering only the dominant processes, one gets the following equatorial SST anomaly equation linearized with respect to an upwelling climate state and the zonal gradient of climatological mean SST: The equatorial SST anomaly T e in Eq. (A5) is nondimensionalized by ⌬T of 7.5°C, and the time variable and thermocline depth are nondimensionalized in the same way as in the ocean dynamics equation. The first term on the right-hand side of (A5) represents a Newtonian-type thermal damping with the damping rate T of (125 days) Ϫ1 and the vertical advection of the equatorial SST anomaly T e by mean upwelling; the second term is the vertical advection of subsurface temperature anomaly T sub by the mean upwelling w 1 of the equatorial strip; and the third term is the zonal advection of the climatological mean SST by anomalous zonal current. Here H 1.5 is a constant depth of 50 m at which w 1 is best characterized. The parameterization regarding the subsurface temperature anomaly appeared in . Other anomalous vertical and horizontal advection terms abbreviated in Eq. (A5), although quantitatively important in determining the equatorial SST anomaly (e.g., Battisti 1988; , are ignored for the sake of simplicity.
The zonal wind stress anomaly having Gill-type atmospheric dynamics induced by an equatorial SST anomaly can be approximately written as (Jin 1997) x ͑x, y, t͒ ϭ A͑T e , x͒ exp͓Ϫ͑yL o րL a ͒ 2 ր2͔, ͑A6͒
where L a is the atmospheric Rossby radius of deformation, and A(T e , x) is a nonlocal operator that relates the SST anomaly in the equatorial strip to the wind stress anomaly. A relative coupling coefficient is introduced as a free parameter for exploring the regime behavior of the system. The stress terms in Eqs. (A2) and (A3) can thus be expressed as xe ϭ A͑T e , x͒, Ѩ y ͑ x րy͒| yϭy n ϭ Ϫ*րy n 2 A͑T e , x͒, ͑A7͒
where * is 1.0ϳ1.25, depending on y n and the ratio of the oceanic and atmospheric Rossby radii of deformation. For simplicity, a simple nonlocal relationship between the SST anomaly and the wind stress anomaly is assumed here as in Jin (1997) :
where T eE is the SST anomaly averaged over the eastern half of the equatorial strip and f(x) is a normalized function whose zonal integration is unity. The nondimensional factor b 0 is 2.5 as estimated in Jin (1997) .
APPENDIX B

Derivation of Thermocline Feedback Effect
The temperature of a well-mixed surface layer in the eastern equatorial Pacific is controlled by the net heating through the ocean surface, such as radiative, sensible, and latent heat fluxes and three-dimensional advections. Among them, the vertical advection is known to be one of the main components in determining the rate of changes of SST anomaly . The discrete representation of the vertical advection (e.g., the cooling effect by the equatorial upwelling) is given by
Here T sub denotes the subsurface temperature, and H m is the mixed layer depth (Jin 1998) . The first term of (B1) can be incorporated into the collective damping term in (A5) , and the second term of (B1) is the thermocline feedback term. Since the subsurface temperature depends strongly on the thermocline depth, it can be parameterized, as in Jin et al. (1996) , T sub ϭ T r Ϫ ͑T r Ϫ T r0 ͒{1 Ϫ tanh͓͑h Ϫ z 0 ͒րh*͔}ր2, ͑B2͒
where T r is the radiative-convective equilibrium temperature, T r0 the temperature right below the thermocline, h the thermocline depth, z 0 a characteristic depth, and h* is the sharpness of the thermocline.
For an anomalous SST change, the linearized (B1) with respect to the steady state, equally the state with slow variation that has a sufficiently longer time scale than the ENSO, is given by 
ѨTЈ
͑B5͒
Thus, the thermocline feedback is proportional to the mean upwelling velocity, the temperature difference between the radiative-convective equilibrium temperature and the ocean temperature beneath the thermocline, and the sharpness of the thermocline.
